Introduction
The fibrocartilaginous temporomandibular joint (TMJ) disc resides between the mandibular condyle and temporal bone, aid ing in the complex rotational and translational motions of the jaw. The disc's most important roles during mastication include shock absorption and load distribution [1] . However, as much as 25% of individuals in the United States (about 80% of whom are young women) have temporomandibular disorders (TMDs) [2, 3] . The se verity of TMDs vary from discomforting to debilitating and are commonly manifested through inhibited range of jaw motion, an terior disc displacement, and degeneration of the TMJ disc itself [4] . As the causes of TMD are unknown, current clinical therapy focuses mainly on pain reduction and tissue resection. It is clear, however, that the TMJ disc plays an important role in the tempo romandibular joint, and its resection eventually leads to degenera tion of the joint as a whole [5] . Tissue engineering efforts may address the need for replacement discs in cases where total discec tomy is necessary, but before a functional TMJ disc can be engi neered the tissue's structure function relationships must be better understood.
Currently, TMJ disc structure function relationships are described only in terms of its most abundant biochemical element, collagen. At $80 90% of the dry weight [6, 7] , collagen is the major structural component of the disc, and its anisotropy and contributions to the tensile properties of the tissue have been thor oughly investigated. Collagen fibers form a ring like alignment around the periphery of the TMJ disc, with a strong anteroposte rior alignment through the intermediate zone [8 10] . Correspond ingly, the tensile strength and stiffness of specimens tested in the anteroposterior direction are an order of magnitude greater than those in the mediolateral direction [11 13] . The compressive stiff ness of the disc is at least an order of magnitude less than the ten sile stiffness [14] , but still appears to be related to collagen. The posterior band of the disc possesses both the highest collagen con tent, and also the greatest compressive moduli [15] .
While the contribution of collagen to the mechanical integrity of the disc is readily measured due to its abundance, the contribu tions of other biochemical components of the disc to its functional properties are not as clear. Approximately 1% of the dry weight of the disc is attributed to sulfated glycosaminoglycans (GAGs), with dermatan and chondroitin sulfates being the most prevalent GAGs [10, 16] . Regionally, GAGs are found in the greatest quanti ties in the lateral region of the intermediate zone [7, 16, 17] . In other cartilages, such as hyaline cartilage, GAGs are highly abun dant and are mainly associated with the tissue's compressive prop erties [18] . Despite having the most GAG, however, the lateral region of the disc does not correspond to the highest compressive or tensile moduli [15] . It is unclear, therefore, how sulfated GAGs contribute to the mechanical properties of the disc.
To better understand the mechanical contributions of sulfated GAGs to TMJ disc properties, this study tests the viscoelastic compressive properties of the tissue with and without sulfated GAGs. GAG removal is achieved through the application of chon droitinase ABC (C ABC) which is a GAG cleaving enzyme that selectively cleaves chondroitin and dermatan sulfate side chains, and to a lesser degree hyaluronic acid [19] . As the GAGs within the TMJ disc are overwhelmingly chondroitin and dermatan sul fate [10] , this is an optimal enzyme for testing GAG depletion. C ABC has been used extensively to investigate the contribution of sulfated GAGs to the compressive properties of musculoskeletal tissues including articular cartilage (abundant GAG) [18, 20, 21] , nucleus pulposus (low GAG) [22, 23] , and ligament (scarce GAG) [24] . In articular cartilage, sulfated GAG removal resulted in a marked decrease in the tissue's Young's modulus [21] , whereas similar treatment on ligaments increased tissue permeability but did not affect the modulus [24] . Given these findings, it was hypothesized that GAG depletion in the TMJ disc would have minimal impact on the tissue's compressive moduli, similar to lig ament. Furthermore, as GAG content varies among disc regions, it was hypothesized that the GAG contribution will vary regionally within the disc.
Materials and Methods
Specimen Procurement. Pig heads were obtained from a local abattoir (Yosemite Meat Company, Modesto, CA). TMJ discs were harvested from the left joint of seven female pigs of age 6 9 months. TMJ discs were carefully excised free from attachments and washed in 0.01 M phosphate buffered saline (PBS). Hyaline articular cartilage served as a benchmark control for this investi gation. Full thickness cartilage was harvested from the tibial pla teau of five one week old male calves (Research 87, Boston, MA) and washed in PBS. After washing, all specimens were wrapped in gauze soaked with PBS containing protease inhibitors (2 mM EDTA, 150 mM sodium chloride, 5 mM benzamidine hydrochlor ide, 10 mM N ethylmaleimide, and 1 mM phenylmethylsulfonyl fluoride) and then frozen at 20 C until testing.
Glycosaminoglycan Depletion. TMJ discs and hyaline carti lage samples were thawed in PBS at 4 C. A 3 mm dermal punch (Miltex, York, PA) was used to remove samples from five regions of the TMJ disc, spanning both the mediolateral and anteroposte rior directions ( Fig. 1(a) ). Specifically, the five regions of the disc tested were: posterior band (PB), anterior band (AB), intermediate zone medial (IZM), intermediate zone central (IZC) , and interme diate zone lateral (IZL). For the hyaline cartilage benchmark sam ples, 3 mm punches were taken from the center of the tibial plateau as shown in Fig. 1(b) . Depletion of sulfated GAGs was carried out with C ABC at 1 U/mL in Tris buffered saline (TBS) containing 300 mM sodium acetate and 0.05% bovine serum albu min (all from Sigma, St. Louis, Missouri). Treatment controls were incubated in exactly the same manner, except the buffer con tained no C ABC. GAG removal from the TMJ disc was exam ined using treatment durations from 1 to 12 h at 37 C, and a graph depicting GAG depletion over time for the most GAG rich region of the TMJ disc (IZL) is shown in Fig. 2 . Specimens that underwent mechanical testing were incubated for 3 h with C ABC, or in a control buffer. This time point was chosen because it proved to be the earliest time point to provide >90% re moval of sulfated GAGs while showing no effect on the GAG content of the treatment controls (Fig. 2) .
Stress-Relaxation Compressive Testing. Prior to sulfated GAG depletion, the superior and inferior surfaces of compression samples were delicately removed with a cryotome blade until the surfaces were parallel. The final sample thicknesses ranged from 0.8 1.6 mm. Following C ABC treatment, the final dimensions of the each sample were measured using digital calipers. The stress relaxation compressive testing procedure for this investigation was similar to that used in previous studies [14, 15, 25] . Compres sion testing was performed in an unconfined compression cham ber fitted onto a materials testing machine (Instron 5565, Canton, MA). Specimens were placed on the lower platen of a PBS filled bath, and a rigid upper platen with a 19 mm diameter was used to apply unconfined compression. A 0.02 N tare load was applied to the sample and the platen to platen separation was taken as the initial specimen height from which strains were based. Samples were pre conditioned with 5% strain for 15 cycles, and then a step strain of 20% was applied and held for 10 mins. For TMJ disc samples, seven samples per group were used for compressive test ing, while five hyaline cartilage samples were used.
Both continuum [26 28 ] and viscoelastic [13,14,25,29 31 ] mod els have been used to model TMJ disc compressive mechanics. To facilitate comparisons with the majority of prior reports, viscoelastic compressive properties were calculated by fitting Eq. (1) below, based on a Kelvin solid model, to the stress relaxation curves [14] .
Specimen height (z) and time of strain event (t i ) were determined a priori. Deformation (u), time (t), and stress (r) were recorded during testing. Relaxation modulus (E r ), relaxation time constant (s e ), and creep time constant (s r ) could be approximated from model fits, then converted into relaxation modulus, instantaneous modulus, and coefficient of viscosity equivalents.
Biochemical Analysis. Samples were frozen overnight at 20 C and then lyophilized for 48 h. Dry weights were recorded and then the samples were digested in papain, 125 lg/mL (Sigma) in 50 mmol phosphate buffer (pH 6.5) containing 2 mmol N acetyl cysteine, for 18 h at 60 C. After digestion, sulfated GAG content was measured using the Blyscan Sulfated GAG Assay kit, a 1,9 di methyl methylene blue colorimetric assay (Accurate Chemical and Scientific Corp., Westbury, NY). Total collagen content of the sam ples was measured using a hydroxyproline colorimetric assay [7] . Five samples per group were used for all biochemical analysis.
Histology. Control and C ABC treated samples were cryoem bedded in histoprep (Fisher Scientific, Pittsburgh, PA) and cryo sectioned at 12 lm. To examine sulfated GAG distribution in the samples, sections were fixed with 10% phosphate buffered forma lin, stained with Safranin O, and counterstained with hematoxylin. Two samples per group were used for histological analysis.
Statistical Analysis. TMJ disc samples were analyzed using a two way analysis of variance (ANOVA) to compare the two over all factors of disc region and C ABC treatment. A Tukey's HSD post hoc test was used where necessary. Additionally, treated and untreated samples within a single region of the disc were com pared directly using a student's t test (Table 1 and Table 2 ). Treated and untreated hyaline cartilage samples were also com pared with a student's t test. Since biochemical and biomechani cal analysis was performed on the same samples, pairwise correlations were run on these samples using JMP statistical soft ware (SAS, Cary, NC). A significance level of a ¼ 0.05 was used for all statistical analysis.
Results
Compressive Properties. The Kelvin solid viscoelastic model was able to fit all stress relaxation curves with a high degree of ac curacy (R 2 > 0.90). Experimental results are shown in Fig. 3 and the raw data can be found in Table 1 . Regional variations in all compressive properties of the TMJ disc were consistent with prior reports using the same testing modality [14, 15, 25] .
Instantaneous Modulus. While C ABC treatment was able to deplete sulfated GAGs from the TMJ disc, it had no effect on the instantaneous modulus of the tissue (Fig. 3(a) ). Regionally, the bands of the disc, PB and AB, were stiffer than the intermediate zone with moduli of 1.49 and 0.93 MPa respectfully (p < 0.0001). Similar to the TMJ disc, C ABC treatment of hyaline cartilage also produced no statistically significant difference in instantane ous modulus, although it did appear to trend lower with treatment ( Fig. 3(b) ). The instantaneous modulus of hyaline cartilage was at Fig. 2 Time course of GAG removal from the TMJ disc. Samples from the IZL region of the disc were treated with C-ABC or a control buffer for up to 12 h and their final sulfated GAG content was measured. A one-way ANOVA comparing time points within the treatment control and C-ABC treated groups is shown. Time points not connected by the same letter are statistically different from each other. C-ABC treatment produced a rapid decrease in the GAG content of the disc, which equilibrated after 3 h of treatment. A decrease in GAG content was also seen in the treatment control group, but was only statistically significant after 12 h. A 3 h incubation was chosen for all subsequent testing. Data is presented as mean 6 SD. Table 1 Biomechanical and biochemical properties of GAG depleted TMJ disc samples. Data is presented as mean 6 SD. * indicates a statically significant difference between C-ABC treated and control samples for a given region (analyzed using a t-test with a 5 0.05). least twice that of all regions of the disc, with a mean value of 4.31 MPa.
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Relaxation Modulus. An overall comparison using a two way ANOVA showed no significant change in the relaxation modulus of the disc following C ABC treatment (Fig. 3(c) ). Regional varia tions were seen, with PB possessing the highest relaxation modu lus at 30.0 kPa (p < 0.0001). Additional analysis of treated and untreated samples within a single region (t test) indicated that GAG depletion did produce a statistically significant decrease in IZL (p < 0.02, Table 1 ). The overall decrease in relaxation modu lus of IZL was $12.5% from 24.1 to 21.1 kPa. In contrast to the disc, C ABC treatment of hyaline cartilage produced a more dra matic decrease in relaxation modulus (Fig. 3(d) ). Treatment resulted in a 50% drop in modulus from 591 to 295 kPa (p < 0.0001). Overall, the relaxation modulus of the TMJ disc was >10 times less than hyaline cartilage.
Coefficient of Viscosity. Compared to the moduli, C ABC treatment produced considerably more change in the coefficient of viscosity. A two way ANOVA indicated an overall decrease in viscosity across the TMJ disc due to GAG depletion (p < 0.04, Fig. 3(e) ). Specifically, C ABC treatment produced a drop in vis cosity across the entire intermediate zone (IZM, IZC, IZL) by $30%. Viscosity of the AB and PB were not affected by treat ment, although PB did possess the overall highest coefficient of viscosity at 4.84 MPa s (p < 0.0001). Similar to the relaxation modulus, C ABC treatment of hyaline cartilage produced a $50% drop in its coefficient of viscosity from 10.71 to 4.99 MPa s (p < 0.0001, Fig. 3(f) ). The coefficient of viscosity for hyaline car tilage was found to be at least twice that of the TMJ disc.
Biochemical Content. The biochemical composition of GAG depleted and control samples are displayed in Fig. 4 . The correspond ing raw data can be found normalized to dry weight in Table 1 and normalized to wet weight in Table 2 . Regional variations in the biochemical composition of TMJ disc samples were consistent with prior reports utilizing the same assays [7, 10, 15] .
In all regions of the disc, C ABC treatment was able to remove !96% of the sulfated GAG content (p < 0.0001, Fig. 4(a) ). For example, the GAG content of IZL decreased from 0.93% to 0.032%. Regional GAG variation in TMJ disc samples showed that the IZL and IZM groups contained more GAG per dry weight than the PB (p < 0.002). The same C ABC treatment when applied to hyaline cartilage did not produce the same magnitude of GAG depletion. Treatment reduced the sulfated GAG/dry weight by $50% in cartilage samples from 19.2% to 10.5% (p < 0.0001, Fig. 4(b) ). Comparing the treatment control samples, the native TMJ disc has approximately 20 times less sulfated GAG per dry weight than hyaline cartilage.
Since it is the major structural component in the TMJ disc, the collagen content of all samples was measured. C ABC treatment of the disc had no effect on the collagen per dry weight (Fig.  4(c) ). Regionally, the PB contained the greatest collagen content at 88.3% (p < 0.005). In contrast to the disc, C ABC treatment of hyaline cartilage did alter the collagen per dry weight, increasing it by approximately 10%, from 60.9% to 70.3% (p < 0.005, Fig.  4(d) ). This increase in collagen content is likely due to the fact that $10% of the previous dry weight of the tissue had been removed due to GAG depletion. Overall, the native TMJ disc con tained approximately 20% more collagen per dry weight than hya line cartilage.
The water content of the specimens was also measured, as it is tends to correlate with sulfated GAG content in cartilages [18] . For TMJ disc samples, water content ranged from 67% to 71% and C ABC treatment did not produce any significant changes in these values (Table 1) . GAG depletion of hyaline cartilage did alter the tissue's water content, reducing it from 79.9% to 75.8% (p < 0.001). Comparing the two cartilages, native articular cartilage contained approximately 10% more water than the TMJ disc.
Structure-Composition Correlations. Running biomechani cal and biochemical analysis on the same samples allowed pair wise correlations to be run between these function and composition parameters. In TMJ disc samples, sulfated GAG con tent was seen to have a significant negative correlation with both the instantaneous (p < 0.01) and relaxation (p < 0.03)) moduli. Interestingly, collagen content was found to have significant posi tive correlation with the instantaneous modulus (p < 0.01) in disc samples. In contrast, sulfated GAG content was found to correlate positively with both the relaxation modulus (p < 0.005) and coef ficient of viscosity (p < 0.003) in hyaline cartilage. No significant correlations were observed between collagen content and com pressive properties in the articular cartilage samples.
Histology. Safranin O staining of the TMJ disc clearly demon strates the low levels of sulfated in this tissue (Fig. 5) . In the con trol samples, positive red orange staining can only be seen localized directly around some of the cells, with little to no stain ing in the bulk matrix. Decreased staining in C ABC treated sam ples is visible in some regions, although difficult to detect. Inter regional variations on the other hand are not detectible due to the low overall staining intensity. In contrast to the disc, hyaline carti lage clearly demonstrates positive Safranin O staining throughout the entire matrix, with enhanced staining localized to the lacunae surrounding the cells. C ABC treatment of cartilage samples pro duced a clear depletion of sulfated GAG starting at the edge and proceeding toward the center of the tissue. Additionally, there is a decrease in staining surrounding the cells in the center of the treated cartilage.
Discussion
Prior studies on TMJ disc mechanics indicate that the mechani cal properties of the TMJ disc are likely more dependent on its abundant collagen fibers than its proteoglycans, but all of the structure function relationships within the disc have not been fully investigated. To our knowledge, this study is the first to illuminate the contributions of sulfated GAGs in the TMJ disc to the tissue's compressive properties. Although GAGs only make up about 1% of the total dry weight of the TMJ disc, the present results indicate that they are still able to impart tissue viscosity and compressive properties in the intermediate zone. Other disc regions, however, did not show an appreciable change in compressive properties fol lowing GAG depletion. This variation in contributions to com pressive properties highlight complex relationships TMJ disc GAGs have with the tissue's mechanics, and show that GAGs in the TMJ disc may have a different role than in other cartilages.
The regional variation in GAG contribution to disc compressive properties highlighted the highly heterogeneous nature of this tis sue. Overall, there was a significant inverse correlation between GAG content and compressive stiffness, with the bands having the highest compressive moduli. At the same time, as the GAG content of the regions increased, so did the contribution of that GAG to the tissue's compressive properties. For example, in the intermediate zone of the disc where GAGs are most abundant (0.76% 0.93% per dry weight), C ABC treatment resulted in a marked decrease in tissue viscosity. Additionally, GAG removal in the most GAG rich region of the intermediate zone, the IZL (0.93% per dry weight), also caused a decrease in modulus of relaxation. Due to the range of proteoglycan concentrations in the TMJ disc, this study was able to measure the effects of GAG abundance on compressive mechanics. Below a certain range (<0.69% concentration) GAG removal had no effect on visco elastic compressive properties, but as GAG abundance increased (>0.74%), so did its contribution to tissue viscosity. This regional variation in sulfated GAG content, as well as GAG contribution to compressive properties, will be an important but challenging con sideration for future tissue engineering efforts.
The results of the present study may provide some insight into the role of GAGs in the complex deformation patterns of the TMJ disc during normal loading. Finite element and kinematic observa tions have indicated that the TMJ disc experiences considerable tensile, compressive, and shear loads during normal mastication and that these loads are variably distributed [32, 33] . Notably, ten sile forces are most prevalent in the medial and central portions of the intermediate zone [34, 35] , while the highest compressive loads are experienced by the posterior band [34, 36, 37] . The increased tissue viscosity of the intermediate zone attributed to its GAG content may allow this region of the disc to resist fluid flow Fig. 5 Safranin-O staining of C-ABC treated specimens to examine the distribution of sulfated GAGs. Some positive staining (red color) can be found in TMJ disc samples immediately surrounding cells, but very low overall staining was observed, and no staining was detected in the matrix. In contrast, intense positive staining can be seen throughout the matrix of articular cartilage. C-ABC treatment produced a small but visible difference in some TMJ disc samples. Treatment of hyaline cartage produced a very obvious depletion of GAGs starting at the edge of the tissue and proceeding toward the center. (Scale bar 5 100 lm).
out of the matrix and better withstand the tensile forces generated by the disc as it is forced against the mandibular condyle. In the posterior band, GAG content was lowest but tissue viscosity remained high, indicating that the highly organized collagen net work may be the tissue's best defense against the high compres sive loads it experiences. Thus, GAG content may have an effect on the in vivo deformation patterns of some, but not all, of the TMJ disc regions.
A macroscopic view of the results presented here reveals that GAGs contribute very differently to the compressive properties of the disc than they do to hyaline articular cartilage. Prior reports show that removal of sulfated GAGs from articular cartilage decreased compressive aggregate moduli and increased perme ability due to less inhibition to water leaving the tissue [18, 20, 21] . Similarly in this study, removal of $50% of sulfated GAGs from tibial cartilage resulted in a matched decrease of $50% in the modulus of relaxation and coefficient of viscosity. This propor tional change in compressive properties due to GAG depletion was not seen in the TMJ disc. The stiffest regions of the disc under compressive loading, the PB and AB, showed no change in viscoelastic compressive properties following GAG depletion. Even in the regions of the intermediate zone which showed a response to the C ABC treatment, the magnitudes of the changes were far smaller than for hyaline cartilage. A 97% reduction in sulfated GAG content of IZL resulted in only a 12.5% decrease in relaxation modulus and a 30% reduction in viscosity. Therefore, these results illustrate that removal of sulfated GAGs from the TMJ disc does not produce an equivalent change in viscoelastic compressive properties as was seen in hyaline cartilage.
Although the hyaline cartilage control generally responded to C ABC treatment as expected, it produced one unanticipated find ing. While the modulus of relaxation and the coefficient of viscos ity decreased in an equivalent manner to the GAG depletion, the instantaneous modulus of the tissue did not decrease. Prior studies reporting a drop in compressive modulus after GAG depletion of cartilage have all reported their findings in terms of an aggregate or Young's modulus [20, 21, 24] . Henninger et al. [24] measured reduced peak stresses following GAG depletion of femoral carti lage, but their strain rate (0.01%/s) was significantly slower than that used in this study (10%/s). These data suggest that sulfated GAGs play a vital role in the modulus of the tissue at equilibrium, but it appears that they may play less of a role under instantaneous loading. Thus, instead of the GAGs dictating the instantaneous modulus, it may be the inertia of the pressurized interstitial fluid that is the key contributor.
There are several potential reasons why the GAGs of the TMJ disc provide a different contribution to the tissue compressive properties than the GAGs of articular cartilage. First, the sulfated GAG content of hyaline cartilage is $20 times greater than that of the TMJ disc on a per dry weight basis. Given these differences, it follows that when tibial cartilage loses 50% of its GAGs there is a much more dramatic change in tissue composition than when the disc loses an equivalent percentage of GAGs. In addition to the quantity of GAGs, there are also important differences in the pro teoglycans with which the GAGs are associated. In articular carti lage, the GAGs are primarily associated with the proteoglycan aggrecan which has numerous sulfated GAG side chains. The multitude of GAG chains provide the large negative charge that prevents water movement from the tissue [38] . In contrast, the proteoglycans in the TMJ disc are mainly decorin and biglycan [16] , which only contain one and two GAG chains, respectively. Although the side chains of decorin and biglycan do not contrib ute a large negative charge, they alter the matrix by controlling collagen fibril diameter and organization [39 41] . Therefore, the low overall GAG content of the TMJ disc may be providing more of an indirect contribution to compressive properties by shepherd ing collagen molecules to form a highly organized matrix able to withstand physiologic forces. This is likely to be particularly im portant for the posterior band of the disc which has higher colla gen content and fewer GAGs than the intermediate zone, but still retains greater compressive stiffness. Indeed, in this study a signif icant positive correlation was seen between collagen content of the disc and the tissue's compressive moduli. The different types of GAGs resident in the TMJ disc may therefore play a variety of developmental and mechanical roles that contribute to the ultra structure and biomechanical properties of the mature tissue.
In addition to illuminating the contribution of GAGs to the func tional properties of the TMJ disc, the three compressive properties reported in this study can help determine the functionality of tissue engineered constructs in the future. The instantaneous modulus gives a measure of the tissue's ability to withstand the instantane ous loading the TMJ experiences during biting or chewing. The modulus of relaxation is also an important parameter to consider, as it indicates how the disc supports sustained loading such as that experienced during jaw clenching. Finally, the tissue's viscosity relates to the rate at which the tissue deforms and recovers and is particularly important during cyclic loading of the joint. All three of these parameters are important physiologically, and can be useful quantitative tools to determine how close tissue engineered replace ments are to recapitulating essential TMJ disc properties.
This investigation provides an important insight into the role of sulfated GAGs in providing mechanical integrity to the TMJ disc, and indicates that this contribution is highly region specific. In the outer bands of the disc, GAGs do not provide a direct contribution to compressive stiffness, but in the intermediate zone they do play a direct role in the tissue's viscoelastic compressive properties. More investigations are needed to understand how GAGs and their associated proteoglycans can indirectly influence TMJ disc mechanics by interacting with collagen. The present research is, however, a promising advance toward understanding the role of GAGs in the disc and provides valuable design parameters for tis sue engineering of a disc replacement.
